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The membrane integral ubihydroquinone (QH2): cytochrome (cyt) c oxidoreductase (or the cyt bc1 complex) and its physiological electron
acceptor, the membrane-anchored cytochrome cy (cyt cy), are discrete components of photosynthetic and respiratory electron transport chains of
purple non-sulfur, facultative phototrophic bacteria of Rhodobacter species. In Rhodobacter capsulatus, it has been observed previously that,
depending on the growth condition, absence of the cyt bc1 complex is often correlated with a similar lack of cyt cy (Jenney, F. E., et al. (1994)
Biochemistry 33, 2496–2502), as if these two membrane integral components form a non-transient larger structure. To probe whether such a
structural super complex can exist in photosynthetic or respiratory membranes, we attempted to genetically fuse cyt cy to the cyt bc1 complex.
Here, we report successful production, and initial characterization, of a functional cyt bc1-cy fusion complex that supports photosynthetic growth
of an appropriate R. capsulatus mutant strain. The three-subunit cyt bc1-cy fusion complex has an unprecedented bis-heme cyt c1-cy subunit
instead of the native mono-heme cyt c1, is efficiently matured and assembled, and can sustain cyclic electron transfer in situ. The remarkable
ability of R. capsulatus cells to produce a cyt bc1-cy fusion complex supports the notion that structural super complexes between photosynthetic or
respiratory components occur to ensure efficient cellular energy production.
© 2006 Elsevier B.V. All rights reserved.Keywords: Photosynthetic and respiratory electron transfer; Membrane proteins supercomplexes; Cytochrome bc1 complex; Electron carrier cytochrome cy;
Rhodobacter capsulatus1. Introduction
The ubihydroquinone (QH2): cytochrome (cyt) c oxidore-
ductase (cyt bc1 complex) or the plastoquinol-plastocyanin
oxidoreductase (cyt b6f complex), and the electron carrying
c-type cyts are discrete components of respiratory or photosyn-
thetic energy transducing membranes of mitochondria, chlor-
oplasts and bacteria [1–3]. In Gram-negative, purple, non-⁎ Corresponding author. Tel.: +1 215 898 4394; fax: +1 215 898 8985.
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doi:10.1016/j.bbabio.2006.04.025sulfur, facultative phototrophic bacteria such as Rhodobacter
capsulatus, the cyt bc1 complex confers electrons to two distinct
electron carriers, the soluble cytochrome c2 (cyt c2) and the
membrane-anchored cytochrome cy (cyt cy) [4,5]. Depending
on the growth conditions, these cyts convey electrons to the
photochemical reaction center (RC) or the cyt c oxidase (Cox),
respectively [6,7] (Fig. 1A). Respiratory electron transfer
pathways of Rhodobacter species are branched at the quinone
(Q) pool level, with a hydroquinone oxidase (Qox) as an
alternative pathway [8]. Thus, mutants lacking the cyt bc1
complex or both of its electron carriers, the cyt c2 and cy, are not
competent for photosynthetic growth but are still able to grow
via respiration [5,7]. Despite the limited amount of cyt cy [9]
compared to soluble cyt c2 contents [10], each of these electron
carriers are individually sufficient to sustain the photosynthetic
Fig. 1. (A) A schematic model of the photosynthetic and respiratory electron transport pathways of the facultative phototrophic bacterium R. capsulatus and (B) A
hypothetical structural model of the R. capsulatus cyt bc1-cy fusion complex (depicted using the yeast cyt bc1: cyt c co-crystal (1NTK.pdb) and the R. capsulatus cyt
bc1 (1ZRT.pdb) structures). (C) Genetic structure of the fusion region between cyt c1 and cyt cy in the plasmid pYO38. RC, photochemical reaction center; Q/QH2,
quinone/hydroquinone pool; cyt bc1 complex, hydroquinone cyt c oxidoreductase; cyt cy, membrane-associated cytochrome cy; cyt c2, soluble cytochrome c2; Cox,
cytochrome c oxidase. Arrows indicate direction of electron flow.
Table 1
Properties of R. capsulatus strains used
Strain Relevant properties Reference
MT1131 crtD121, wild type [16]
MT-RBC1 crtD121, Δ(petABC∷spe); cyt bc1−, Ps− [16]







pMTS1/MT-RBC1 MT-RBC1 strain with a plasmid
carrying petABC
[21]
cyt bc1 complex overproducer, Ps
+
pYO38/YO2 YO2 strain with a plasmid carrying
petABC∷cycY-FLAG
This work
cyt bc1-cy fusion complex producer, Ps
+
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multiple turnovers, the membrane-anchored cyt cy-dependent
electron transfer pathway appears more efficient than the
diffusion-dependent cyt c2 pathway [11,12]. These observations
indicate that the RC, cyt cy and the cyt bc1 complex are in close
proximity in this pathway [11,12], and raise the issue of whether
electron transfer components form larger, non-transient macro-
molecular structures in membranes. Indeed, depending on the
growth conditions of R. capsulatus, absence of the cyt bc1
complex is often correlative with the absence of cyt cy [6], as if
their stabilities in vivo are co-dependent. Conceivably,
formation of functional or structural electron-transfer super
complexes might enhance electron transfer flow via substrate
channeling, catalytic enhancement, and sequestration of
reactive intermediates, as proposed first many years ago by
Chance and Williams [13] and more recently by others, both in
bacteria [12,14] and mitochondria [15]. Still little is known
about how the membrane super complexes are formed in vivo,
and how they are regulated in response to changing environ-
mental conditions in various organisms. This lack of knowledge
provided us the impetus to probe whether an artificial super
complex (named cyt bc1-cy fusion and schematically depicted in
Fig. 1B) can be constructed by genetically fusing the cyt bc1
complex to its electron carrier cyt cy, and whether it can function
well enough to sustain cell growth. Here, we present the
successful production, and initial characterization, of a
functional cyt bc1-cy fusion complex that is able to support
photosynthetic growth of an appropriate R. capsulatus mutant
strain. The remarkable stability of a cyt bc1-cy fusion complex
further supports that tight association of energy transduction
complexes may be a natural phenomenon that might ensure
efficient cellular energy production.2. Materials and methods
2.1. Bacterial strains and growth conditions
Bacterial strains and plasmids used in this study are listed in Table 1. R.
capsulatus strains were grown at 35 °C in mineral–peptone–yeast extract
enriched media (MPYE) supplemented with antibiotics as needed (kanamycin,
10 μg/ml; tetracycline, 2.5 μg/ml; spectinomycin, 10 μg/ml) under either
semi-aerobic/dark, or photoheterotrophic/light conditions using anaerobic jars
and H2+CO2 generating gas packs from BBL, as described previously
[16,17].
2.2. Molecular genetic techniques
Standard molecular genetic techniques were as described earlier [5,18].
Detailed construction of the plasmid pYO38 carrying petABC∷cycY fusion
containing a C-terminal FLAG octapeptide sequence (DYKDDDDK) (Fig. 1C)
and the triple mutant YO2, lacking both the cyt bc1 complex and its cognate
electron acceptors the cyt c2 and cy will be reported elsewhere.
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Chromatophore membranes were isolated as described previously, except
where noted 0.1 mM ε-animo-caproic acid and 100 mM EDTA, were added to
minimize proteolysis following cell disruption [16,17]. R. capsulatus cyt bc1
complex was purified as described previously [19]. Protein concentrations were
determined by the Lowry or bicinchoninic acid methods, using bovine serum
albumin as a standard. SDS-PAGE gels (15%) were run as described in [16].
Prior to loading, samples were solubilized in 4% SDS and 3% β-
mercaptoethanol with subsequent incubation at 37 °C for 20 min, and the c-
type cyts were visualized by their heme peroxidase activity using tetramethyl-
benzidine (TMBZ) and H2O2 by the method of Thomas et al. [20].
2.4. Spectroscopic techniques
Optical spectra were recorded on a Perkin-Elmer UV/vis spectrophotometer
Lambda 20. Absorption difference spectra for the c- and b-type cyts were
obtained using samples containing 1 mg/ml total protein, oxidized by adding a
crystal of potassium ferricyanide, and reduced by a few grains of either solid
sodium ascorbate or sodium dithionite, as appropriate. Time-resolved kinetics
were performed on a dual wavelength kinetic spectrometer with chromatophore
membranes resuspended in a 50 mMMOPS buffer (100 mMKCl, pH 7.0) in the
presence of redox mediator dyes (2.5 μM phenazine ethosulfate, 8 μM 2,3,5,6,-
tetramethyl-1,4-phenylenediamine, 10 μM 2-hydroxy-1,4-naphthoquinone), a
membrane potential uncoupler (2.5 μMvalinomycin), and 10 μMFeCl3–EDTA,
as described in [21]. The quantity of chromatophore membranes used in each
assay was normalized to the RC content, as determined by measuring the flash
induced optical absorbance difference between 605 nm and 540 nm at an Eh of
380 mV, and using an extinction coefficient of 29.8 mM−1 cm−1. Transient cyt c
re-reduction and cyt b reduction kinetics at an ambient potential of 100 mV,
initiated by a short saturating flash (∼8 μs) from a xenon lamp were followed at
550–540 nm and at 560–570 nm, respectively. Antimycin, myxothiazol and
stigmatellin were used as indicated at 5, 5, and 1 μM, respectively.
2.5. Partial purification of cyt bc1-cy fusion complex
R. capsulatus cyt bc1-cy fusion complex was purified from the pYO38/YO2
strain as follows. Chromatophore membranes were obtained from frozen washed
cells after two passages through a French pressure cell according to [16]. They
were resuspended to a final protein concentration of 10 mg/ml in 50 mM Tris–
HCl buffer, pH 8.0, containing 100 mM NaCl, 20% glycerol, 1 mM PMSF,
100 mM EDTA, and 0.1 mM ε-amino-caproic acid. Dodecyl maltoside (DDM,
20% w/v stock solution) was added drop wise to this suspension to a final
concentration of 1 mg/mg of total protein. The mixture was stirred for 1 h at 4 °C
and then ultra-centrifuged (120,000×g for 2 h). The supernatant was loaded onto
a DEAE-BioGel A column (5.2×15 cm) pre-equilibrated with 50 mM Tris–HCl
(pH 8.0) containing 20% glycerol, 0.01% (w/v) DDM, and 100 mM NaCl
(buffer A). The column was washed first with 3 column volumes (CVs) of buffer
A, followed by 5 CVs of the same buffer containing 150 mM NaCl. The
adsorbed cyt bc1-cy fusion proteins were eluted step-wise between 150 and
300 mM NaCl (150, 200, 250, and 300 mM). Fractions were monitored for their
absorption at 280 and 420 nm, and 500–600 nm for their dithionite-reduced
minus ferricyanide-oxidized optical difference spectra, and those containing the
highest concentrations of cyt c and cyt b were pooled, concentrated using an
Amicon Diaflo apparatus and a PM30 membrane, and stored at −80 °C.Fig. 2. (A) Tetramethylbenzidine (TMBZ) visualized peroxidase activity and (B)
Coomassie stained SDS-PAGE analyses of chromatophore membranes from R.
capsulatus wild-type and appropriate mutant strains. 100 μg of membrane
proteins was loaded per lane on the 15% SDS-PAGE gel.3. Results
3.1. A plasmid producing a cyt bc1-cy fusion complex is able to
convey photosynthetic growth competence to a R. capsulatus
mutant lacking the cyt bc1 and the cyts c2 and cy
Testing the activity in vivo of the cyt bc1-cy fusion complex
requires a mutant lacking the cyt bc1 complex and its cognate
electron acceptors, the cyt c2 and cyt cy (Fig. 1A). Such a triplemutant, YO2, was constructed starting with the cyt c2-minus,
cyt cy-minus mutant FJ2 [6]. Indeed, YO2 cannot be
complemented for photosynthetic growth by plasmids carrying
either the cyt bc1 complex (e.g., pMTS1 [21]) or the cyt cy (e.g.,
pFJ63 [6]), as this growth condition requires both of these
components be present concurrently (Fig. 1A). Upon conjuga-
tion of the plasmid pYO38 carrying the cyt bc1-cy fusion
construct, YO2 regained the ability to grow under photosyn-
thetic conditions at a rate similar to that exhibited by a strain
lacking cyt c2, but harboring native forms of the cyt bc1
complex, and the cyt cy (e.g., MT-G4/S4) [4]. This phenotype
suggested that the petABC∷cycY fusion (Fig. 1C) conferred
both oxidoreductase and electron carrier activities to YO2.
3.2. Subunit composition of the cyt bc1-cy fusion complex
To determine whether the regained photosynthetic growth
ability of the R. capsulatus strain pYO38/YO2 was due to a
fused cyt bc1-cy complex, and not to individual cyt bc1 complex
and cyt cy components working together, chromatophore
membranes of strains with various cyt c complement pheno-
types (MT-1131, pMTS1/MT-RBC1, YO2, pYO38/YO2)
(Table 1) were examined. The c-type cyts profiles were
visualized after Coomassie and TMBZ staining of membrane
proteins after SDS-PAGE [20] (Fig. 2). As expected, four major
c-type cyts, corresponding to the cyt cp (32 kDa) and the cyt co
(28 kDa) subunits of the cbb3-type Cox, cyt c1 (30 kDa) subunit
of the cyt bc1 complex and cyt cy (29 kDa) were seen with the
wild-type R. capsulatus strain MT1131 and the native cyt bc1
complex overproducing strain pMTS1/MT-RBC1, while YO2
strain derived membranes contained only the cyt cp and cyt co
subunits of the cbb3-type Cox. Remarkably, pYO38/YO2 lacked
both the cyt c1 and cyt cy bands, but it produced an additional
prominent peroxidase-active band at about 61 (consistent with
the theoretical molecular mass calculated for a cyt c1-cyt cy
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pYO38 was a band corresponding to the cyt c1-cy theoretical
size also visible on Coomassie stained gels (Fig. 2B). Several
additional bands of lower abundance, ranging from 30 to
41 kDa, partly due to proteolysis, were also visible on these
gels.
Next, the relative amounts of c- and b-type cyts in
chromatophore membranes were determined by using optical
difference spectroscopy to examine whether the cyt bc1-cy
fusion complex produced by the strain pYO38/YO2 also
contained the expected prosthetic groups. Changes in the
amounts of the c-type (α peakmax at 551 nm, ε551–542 of
20 mM−1 cm−1) and b-type (α peakmax at 560 nm, ε560–574 of
28 mM−1 cm−1) cyts were monitored after reduction by
ascorbate and dithionite, respectively, of ferricyanide oxidized
membranes derived from appropriate strains. Membranes
derived from pMTS1/MT-RBC1 exhibited a total c- versus b-Fig. 3. (A) Reduced minus oxidized optical difference spectra of total b-type an
overproducing native cyt bc1 complex (pMTS1/MT-RBC1), a mutant strain lacking t
with the cyt bc1-cy fusion complex (pYO38/YO2) of R. capsulatus; red line (dithi
difference spectra. (B) Light-activated transient cyt c (upper panel) and cyt b (lower
100 mV, using chromatophores derived from strains overproducing the native cyt bc
YO2, right). Note that a fraction of the amplitude differences seen between the stra
respectively.type cyts ratio of approximately 1 to 2, while only very small
amounts of c or b peaks were visible in those from YO2. In
contrast, membranes of pYO38/YO2 containing the cyt bc1-cy
fusion complex exhibited a c- versus b-type cyts ratio of
roughly 1 to 1 (Fig. 3A). Thus, optical difference spectroscopy
combined with SDS-PAGE/TMBZ analyses suggest that the cyt
bc1-cy fusion complex is intact with respect to its cyt subunits
and their related prosthetic groups, and that its c1-cy subunit is a
diheme c-type cyt, instead of the native cyt c1 subunit of the cyt
bc1 complex.
3.3. Light induced cyt b reduction and cyt c re-reduction
kinetics exhibited by the cyt bc1-cy fusion complex
Light induced transient kinetic spectroscopy was used to
examine the chromatophore membranes derived from pYO38/
YO2 in order to probe whether the cyt bc1-cy fusion complexd c-type cytochromes in chromatophore membranes from a wild-type strain
he cyts c2, cy and the cyt bc1 complex (YO2) and the YO2 strain complemented
onite minus ferricyanide) and black line (ascorbate minus ferricyanide) optical
panel) electron transfer kinetics monitored at pH 7 and an ambient potential of
1 complex (pMTS1/MT-RBC1, left) or the cyt bc1-cy fusion complex (pYO38/
ins is due to the presence and absence of cyt c2 in the former and latter strains,
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reduction and cyt c re-reduction kinetics, initiated by rapid
(μsec) light activation of the RC, were monitored on a
millisecond time scale, at an ambient redox potential Eh of
100 mV, where the membrane Q pool contains both Q and QH2,
and the RC as well as the cyt c and [2Fe-2S] cluster of the Fe-S
protein subunits of the cyt bc1 or the cyt bc1-cy fusion
complexes are fully reduced (Fig. 3B). In a native system like
that present in membranes from pMTS1/MT-RBC1 over-
producing the cyt bc1 complex, the photo-oxidized RC is
rapidly reduced via the pre-reduced cyts c2 and cy which are
then re-reduced by the cyt bc1 complex via oxidation of QH2
molecules, that are produced in turn by the RC, completing the
cyclic electron transfer pathway. As these electron transfer
events are rapid, the bulk of the light induced transient cyt c
oxidation/re-reduction kinetics are not fully resolved in the
millisecond time scale. However, the cyt c oxidation and re-
reduction phases of the cyt bc1 complex can be separated by the
use of inhibitors such as myxothiazol or stigmatellin. Similarly,
its cyt b reduction and oxidation phases can be also resolved by
the use of another inhibitor, antimycin A. Comparison of the
preliminary kinetic data obtained using membranes derived
from pMTS1/MT-RBC1 and pYO38/YO2 indicated, despite
large amplitude differences, similar overall kinetic behaviors
(Fig. 3B), suggesting that the cyt bc1-cy fusion complex is able
to support catalytic quinone oxidation/reduction reactions and
convey electrons to the photo-oxidized RC. The amplitude of
absorbance changes exhibited by membranes containing the cyt
bc1-cy fusion complexes was much smaller than a native cyt bc1Fig. 4. Partial purification of the cyt bc1-cy fusion complex. SDS-PAGE (A), TMBZ (
detect cyt cy-FLAG) monoclonal antibodies of samples from various purification ste
polyvinylidene difluoride membrane, FLAG-tagged cyt bc1-cy fusion complex was de
enhanced 3,3′-diaminobenzidine as a substrate.complex containing membranes, partly because of the presence
of cyt c2 in the former and its absence in the latter strains. These
amplitudes were variable between preparations, but comparable
to a strain lacking cyt c2 and harboring the native forms of the
cyt bc1 complex and the cyt cy such as MT-G4/S4 [4]. Further
studies of these electron transfer kinetics are being pursued.
3.4. Partial purification of the cyt bc1-cy fusion complex
Next, we have undertaken purification of cyt bc1-cy fusion
complex to initiate its characterization and to establish that it
indeed existed in the membranes as an intact physical entity. An
initial purification attempt, similar to that described for the
native cyt bc1 complex [19], yielded about 7 mg of partially
pure cyt bc1-cy fusion complex starting with approximately
6.6 g of chromatophore membranes derived from 84 g (wet
weight) of pYO38/YO2 cells grown under semi-aerobic growth
conditions. SDS-PAGE analysis of partially purified cyt bc1-cy
fusion complex revealed four major bands with molecular
masses of 61, 41, 24, and 21 kDa corresponding to cyt c1-cy
fusion subunit, cyt b, and the two differently migrating forms of
the Fe-S protein subunits, respectively (Fig. 4A). TMBZ
staining (Fig. 4B) and immunoblot (Fig. 4C and D) analyses
using cyt c1 specific, and cyt cy-FLAG specific, monoclonal
antibodies indicated that the peroxidase-active ∼61-kDa band
was recognized by both, establishing that the band corre-
sponded to a single cyt c1-cy fusion polypeptide. Partially
purified samples also contained peptides with molecular masses
smaller than 61 kDa, which reacted with either the cyt c1 (Fig.B) and immunoblot analyses using either anti-cyt c1 (C) or anti-FLAGM2 (D, to
ps, are shown. For immunoblots, after electrophoretic transfer of proteins onto a
tected using horseradish peroxidase-conjugated secondary antibody with NiCl2-
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antibodies, partly reflecting degradation or immature products.
Additional co-purifying proteins of unknown identities, with
molecular masses of 32 and 28 kDa, were also observed.
Optical absorption difference spectra analysis performed
with the partially purified cyt bc1-cy fusion complex revealed
that the cyt b to cyt c ratio was roughly 1 to 1 (data not shown),
similar to the value found using chromatophore membranes
derived from pYO38/YO2. Finally, steady-state DBH2:cyt c
reductase activity assays using decylbenzohydroquinone and
horse heart cyt c as an electron donor and acceptor indicated that
the partially purified cyt bc1-cy fusion complex was catalytically
active (∼8 μmol of cyt c reduced per mg of protein per min),
although its activity was less than that of purified cyt bc1
complex (41 μmol of cyt c reduced per mg of protein per min)
[19].
4. Discussion
Previous studies have established that the membrane-
attached cyt cy is an efficient electron carrier from the cyt bc1
complex to both the RC and Cox in R. capsulatus [6,7]. In this
work, we have attempted to probe to what extent the
interactions of these components depend on their physical
independence in the membrane, by attempting to construct a cyt
bc1-cy fusion complex as an intact physical entity. This novel
enzyme complex was obtained by fusing the amino terminal end
of an intact cyt cy to the carboxyl end of the cyt c1 subunit of a
native cyt bc1 complex. Prior to experimentation, this
undertaking was intellectually challenging, as it was impossible
to predict whether R. capsulatus cells were capable of
producing such an elaborate fusion peptide. In particular, how
the new peptide would be translocated was an issue as cyt c1 has
a processed signal sequence and a carboxyl terminal membrane
anchor [22], while cyt cy contains an unprocessed amino
terminal signal sequence-like extension anchoring it to the
membrane [5,9]. Additionally problematic is that both of these
membrane proteins also need to be post-translationally modified
by covalent addition of a mono heme group via a sophisticated
maturation process [23]. Finally, native cyt c1 is also known to
act as a ‘nucleation’ subunit during the steady-state assembly of
the cyt bc1 complex [24]. Thus, whether enough active cyt bc1-
cy fusion complex would accumulate in cell membranes to
ensure efficient photosynthetic electron transfer to the RCs was
unpredictable. Regardless, the construction of a cyt bc1-cy
fusion complex was undertaken because of our ability to rapidly
assess its activity by scoring the photosynthetic growth of an
appropriate strain. Earlier experiments related to the construc-
tion of a cyt b6c1 “split” complex had suggested that roughly
10% of the cyt bc1 complex found in the overproducing strain
was sufficient to support photosynthetic growth [25]. However,
it was necessary to obtain first a triple mutant such as YO2
devoid of all related c-type cyts as R. capsulatus also contains
an additional soluble electron carrier, cyt c2, which functions in
parallel with cyt cy (Table 1). Remarkably, the pYO38/YO2 was
photosynthesis competent revealing that the novel cyt bc1-cy
fusion complex was functional in a manner similar to a strainlacking cyt c2, but harboring native forms of the cyt bc1
complex and the cyt cy [4].
A concern regarding the study of the cyt bc1-cy fusion
complex in vivo was its abundance in the membranes, and its
ability to resist proteolysis, as the linker regions of both cyt cy
and the Fe-S subunit of the cyt bc1 complex are highly
sensitive to proteases [9,26]. Fortuitously, though multiple
degradation products were observed in both membranes and
partially purified samples, use of high concentrations of metal
chelators and ε-caproic acid minimized proteolytic degrada-
tion. Moreover, the strategic location of a FLAG-tag at the
carboxyl terminal end of the cyt c1-cy fusion subunit
facilitated detection of the intact form of this newly made
diheme c-type cyt (Fig. 4C and D) and should ease in future
purification efforts. Indeed, the observed molecular mass for
the cyt c1-cy fusion product and the 1 to 1 ratio of cyt c to cyt
b, determined using either membranes or partially purified
samples indicate that the novel subunit appears to be correctly
matured (Fig. 3A) and properly associated with the cyt b and
the Fe-S subunits to form a catalytically active cyt bc1-cy
fusion complex.
Perhaps the most remarkable aspect of this study is the
ability of the chromatophore membranes of pYO38/YO2 to
carry out light induced cyt b reduction and cyt c re-reduction
kinetics. These data indicate that not only is the cyt bc1-cy
fusion complex able to catalyze QH2 oxidation and Q reduction,
which are reactions internal to the native cyt bc1 complex, but
the attached cyt cy portion is also able to convey electrons
efficiently to the photo-oxidized RCs. Although the kinetic
evidence is preliminary, and obtained before minimization of
proteolysis with fusion protein containing membrane prepara-
tions, some significant differences are already evident between
the native membranes containing the cyt bc1 complex and the
cyt cy as two distinct physical entities versus those harboring
only the cyt bc1-cy fusion complex. The kinetic behavior of the
novel cyt bc1-cy complexes deserves further studies using
proteolysis-minimized and fully purified samples to fully unveil
these differences. With the limited data presented here, it could
be argued that the photosynthetic growth ability and the
observed kinetics could be mediated by a soluble form of cyt cy
produced via its proteolytic cleavage from the cyt bc1-cy fusion
complex. However, additional data with an engineered soluble
form of cyt cy to be presented elsewhere indicate that this
appears not to be the case.
Regardless of future studies, it is remarkable that the novel
cyt bc1-cy fusion complex can carry out rapid and efficient
cyclic electron transfer to the RC to support photosynthesis. As
diffusion-mediated collisions of large protein complexes such
as the RCs and the cyt bc1 complexes are considered to be slow,
the fast electron transfer events observed with the R. capsulatus
strain producing a cyt bc1-cy fusion complex raises the issue of
whether energy transducing membrane components form not
only functional super complexes as suggested earlier [11,12],
but also non-transient, structural super complexes to improve
their efficiencies. Clearly, much remains to be learned about the
structure and function of these large macromolecular assemblies
in cellular membranes.
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